Increasing the fatigue strength of welded structural
details in corrosive environments by applying high
frequency mechanical impact treatment
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The fatigue strengths of certain structural details can
be raised significantly by utilising high frequency
mechanical impact treatment (HFMI) procedures on
welded structures. The application of HFMI proce-
dures on offshore structures could thus lead to struc-
tures with substantially greater economic viabilities.
However, investigations have not yet been conducted
concerning efficiencies of the procedures in corro-
sive environments. The latest results from investi-
gations on corroded structural details with the S355
material show that, even in extremely corrosive en-
vironments, the fatigue strength in comparison with
the untreated notch cases can be increased by means
of the HFMI post-weld treatment. Based on this test
data, S-N curves and FAT classes were elaborated for
the structural details of HFMI-treated butt welds and
transverse attachments in corrosive environments.
These are presented in this article.

1 Motivation and objectives

Support structures of offshore wind turbines (OWT)
are designed for a service life of at least 20 years [1].
Their components are subjected to severe fatigue loads
from wind, waves and turbine operation. Therefore,
fatigue strength of the welded joints is predominant
during the design of these components (e.g. plate thick-
ness). The post treatment of the weldments with the
high frequency mechanical impact (HFMI) enables a
more economical design. Currently, the application of
HFMI on offshore structures is not permitted due to a
lack of standardisation and queries from the drafting
committees of design norms regarding the influence of
the corrosive environment on the effectiveness of the
process. In order to enable the consideration of HFMI in
design norms for the case of free corrosion by seawater,
investigations on the fatigue strength HFMI enhance-
ment under corrosive conditions are necessary. For this
reason, investigations were carried out on welded and
HFMI-treated steel specimens under the influence of
corrosion within the framework of a joint research proj-
ect of the authors [2]. Based on these investigations, de-
sign recommendations were developed.

A comprehensive
correlation of the ap-
plied laboratory corro-
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performed in [4] for both in the AW and the HFMI-treat-
ed condition. The characteristic fatigue strengths were
determined based on the nominal as well as on the
notch stress approach and were specifically discussed
in regard to the corresponding FAT classes recommend-
ed by the I[IW [5; 6]. A full report of the test results is pro-
vided in [2].

The present study is an English version of the ar-
ticle that appeared in the journal “Schweiffen und
Schneiden” in 2018 [7] and focuses on the final design
recommendations derived for the two investigated
HFMI-treated joints, the butt weld and the transverse
non-load-carrying attachment. These recommenda-
tions are compared with the respective norms and regu-
lations.

2 HFMI post-weld treatment: Mode of action
and design rules

The high frequency mechanical impact is a mechan-
ical post-weld treatment method. Therewith, the notch
effect of the weld toe is reduced, the surface layer is
hardened, and compressive residual stresses are intro-
duced in the treatment area. As a result, the load stress-
es superpose with the generated compressive residual
stresses, resulting in compressive mean stresses. These
effects lead to delayed crack initiation and a reduction
of the crack growth rate. Consequently, the service life is
extended, and the fatigue resistance of the treated struc-
tural detail is increased [8; 9]. Based on extensive experi-
mental investigations carried out in recent years, design
recommendations have been developed for the consid-
eration of these effects. An overview of these investiga-
tions was compiled in [10] and a design concept was de-
rived based on the large database. In particular and with
regard to [10], a guideline for HFMI-treated welds [6]
was developed and published by the IIW (International
Institute of Welding). This guideline enables the consid-
eration of the fatigue strength increase through the ap-
plication of HFMI in the design process. The respective
FAT class of the untreated structural detail is upgraded
depending on the nominal yield strength of the treated
material and under consideration of the stress ratio.
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Table 1 e FAT classes
for the structural
details butt weld and
transverse attach-
ment in the as-weld-
ed (AW) and the
HFMI-treated (HFMI)
condition according
to lIW [5; 6], EC3
[11] and DNV-GL-
RP-C203 [12].



Table 3 e Chemical compositions (melt analysis) of the material S355J2+N (values are taken from the

Table 2 ¢ Mechanical properties of the material S355J2+N

(values are taken from the inspection certificates of the manufacturers [2]).

not contain any specifications for the
use of HFMI-treated welds in cor-

Structural Plate Upper yield Tensile rosive environments. For the appli-
detail thickness strength strength cation of as-welded joints with free
Ren = 469 MPa Rm = 566 MPa corrosion, i.e. without any corrosion

Butt weld t=15mm . X .
(mean) (mean) protection, DNV GL provides design
Transverse specifications in DNVGL-RP-C203
attachment LE2mm Resi=do2 blka finz= 243 10ka [12] depending on the structural de-

inspection certificates of the manufacturers [2]).

Chemical

tail. In the case of free corrosion, FAT
classes with reduced fatigue strength
values are proposed for the fatigue
assessment. For butt welds, this re-

Si Mn Cr N s P Cu N Al Mo V AT
element sults in a classification in FAT 63. For
5355J2+N the transverse attachments, FAT class
max values |0.200(0.550(1.60| - - |0.0250|0.025/0.550| - - - - - 56 has to be assumed respectively.
ace. [13] . .
T This corresponds to a reduction by
t=15mm |0.155|0.229|1.420.032|0.017| 0.0037|0.009 | 0.014| 0.0043 0,035 | 0.004[0.002| - | three FAT classes or a reduction to
(mean) [2] 70% of the fatigue strength compared
to the same detail under normal at-
§355)2+4N . o
¢eis ] 0.162 [0.534 |1.56|0.041 | 0.024 | 0.0007 | 0.012| 0.028| - | 0.02 [0.011|0.001|0.045| mospheric conditions. The slope of
the S-N curve is assumed throughout
the fatigue life to be equal to 3 (m = 3),
The slope m of the S-N curve of HFMI-treated welds is  exhibiting no knee point in the high cycle regime.
set to 5 for up to 107 cycles. Table 1 gives an overview
of FAT classes according to various design standards 3 Experimental investigations in corrosive
for the butt weld and transverse non-load-carrying at-  environments
tachment structural details, which were examined in 3.1 Testing procedure
the present study. Based on the ITW recommendations In order to investigate the influence of a corrosive
for the fatigue design of welded joints [5], the Europe-  environment on the fatigue behaviour of as-welded
an standard EN 1993-1-9 (EC3) [11] and the guideline = and HFMI-treated welds, fatigue tests were performed
DNV-GL-RP-C203 [12] for offshore structures, the un-  on corroded specimens under dry conditions and in
treated butt welds are assigned to FAT 90. The transverse ~ seawater. All specimens were tested using a stress ra-
attachments in the as-welded condition are classified as  tio of R = 0.1. For the evaluation of the crack behaviour
FAT 80. The slope of the S-N curve correspondstom =3  during crack formation and crack growth individually,
in both cases. two methods (Sections 3.3 and 3.4) were defined for
The current regulations of EC3 [11] and DNV GL the pre-corrosion of the specimens and the subsequent
[12] do not provide any specifications for the design of  tests. Both pre-corrosion methods resulted in an aver-
HFMI-treated welded joints. As described above, the age loss of plate thickness of comparable magnitude
IIW allows the consideration of the HFMI treatment [6]  (Ad < 0.1 mm). Applied laboratory methodology is de-
during the design phase. For instance, the FAT classcan  scribed more detailed in [2]. Furthermore, the corrosion
be upgraded by five categories using the material S355.  behaviour of the laboratory specimens is as well com-
This results to an applied FAT 160 for the HFMI-treat-  pared with test specimens that were exposed to real ma-
ed butt welds and a FAT 140 for the HFMI transverse  rine corrosion in [3].
attachments respectively, each with the corresponding
slope of m = 5 for the S-N curve. Due to a lack of inves- 3.2 Test specimens and materials
tigations on the influence of corrosion, current rules do Butt welds and transverse non-load-carrying at-
tachments were investigated as mentioned above. The
(a) Butt weld (b) Transverse attachment

S355J2+N 5355J2+N

ty =15 mm t;=25mm
b, =60 mm b, =60 mm
double Tostachment = 12 MM

double fillet weld
g = 12 mm

V-groove weld

Fig. 1 e Investigated specimens of the structural details butt weld (a) and transverse

attachment (b)

tests were carried out on as-welded and HFMI-treated
specimens of mild steel S355J2+N (material number:
1.0570). The mechanical properties and the chemical
composition of the investigated material can be found
in Table 2 and Table 3 respectively. The specimens and
the dimensions of their test cross section are illustrated
in Fig. 1.

3.3 Fatigue tests after corrosion in the salt spray
chamber (SSC)

For the simulation of the corrosion influence on
the crack formation, the salt spray chamber test was



performed by the Karlsruhe Institute of Technology ac-
cording to ISO 9277 [14]. The specimens were corrod-
ed in the SSC for a duration of 240 h in order to simu-
late a marine corrosive environment, see Fig. 2a. After
pre-corrosion, the specimens were tested subsequently
at dry, laboratory-air conditions. The fatigue tests were
carried out under cyclic axial tensile load (ax) as well as
under cyclic 4-point bending load (b).

3.4 Fatigue tests in artificial seawater (ASW)

Fatigue tests were performed in artificial seawater at
the University of Applied Sciences Munich, in order to
investigate the influence of corrosion on both the crack
initiation and the crack growth behaviour. Prior to fa-
tigue tests, the specimens were pre-corroded by expos-
ing them to artificial seawater with oxygen saturation
according to ASTM D1141 - 98 [15] for a duration of 30
days (see Fig. 2b). After pre-corrosion the fatigue tests
were carried out in the ASW under cyclic 4-point bend-
ing load (see Fig. 3). The parameters (temperature, pH
value, salt content, oxygen saturation) of the artificial
seawater were observed and readjusted with the help
of a previously validated monitoring system. The upper
limit of the test frequency was 1 Hz. Hence, sufficient ex-
posure of the specimens in the corrosive medium after
the formation of macrocracks was ensured. Therewith,
the influence of corrosive medium on crack growth
could be documented as well. Moreover, as shown by
Oberparleiter in [16], the influence of the test frequency
in this range on the estimated fatigue strength is negli-
gible, especially if the crack formation phase represents
a significant part of the fatigue life, as in the case of
HFMI-treated welds [17].

3.5 Test results

The fatigue tests were carried out up to failure in the
weld toe or the parent metal. By measuring the fracture
patterns, fatigue fracture areas of approximately 50 to
60% of the initial cross section of the specimens were
documented. The fatigue strength was determined ac-
cording to DIN EN 1993-1-9 [11] using the prediction
interval approach as it was presented in [18]. According
to the ITW guideline for HFMI-treated welded joints [6],
the fixed slope with m = 5 was used for the S-N curve
up to 107 cycles. Table 4 presents the calculated values
for the mean (Ao, ) and characteristic fatigue strength
Acc'%%), which refers to the fatigue strength at 2 - 10° cy-
cles.

4 Development of design recommendations
4.1 Evaluation procedure

Design FAT curves were derived considering the
loading type and the corrosion type based on the fatigue
strength, which was estimated from the implement-
ed experimental investigations. The loading type can
affect the fatigue strength of welded structural details;
under bending, a linear stress gradient arises through
the thickness of the cross-section, with a positive ef-
fect on fatigue strength. For this purpose, the British

WJ Fig. 3 o Test
. 1 setup for the
" . fatigue

! i_ y

_ tests in artificial
" seawater.

Standard BS 7608 [19] introduces the correction factor
k- This factor can be applied in order to consider this
positive effect of bending. Maddox stated in [20] that the
influence of the loading condition has to be considered
explicitly during the evaluation of the average fatigue
strength and allows the derivation of an improvement
factor. However, due to a larger scatter of the results un-
der bending stress, this effect is generally smaller when
considering the characteristic fatigue strength and by
using the fixed slope for the evaluation of the results.
This aspect was taken into account when deriving the
design values based on the presented results for the re-
spective structural details.

Table 4 e Fatigue strength values of test series on HFMI-treated structural details

considering the influence of corrosive environment.
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Fig. 4 * Design proposal for HFMI-treated butt welds in corrosive environment, R = 0.1, S355J2+N,
comparison with design curves according to IIW-HFMI [6], EC3 [11] and DNV GL [12].
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Fig. 5 ® Design proposal for HFMI-treated transverse attachments in corrosive environment, R = 0.1,
S355J2+N, comparison with design curves according to IIW-HFMI [6], EC3 [11] and DNV GL [12].

Geometric measurements of the butt
weld specimens showed that negligible
linear and angular misalignments oc-
curred. Consequently, the stress levels of
the specimens tested under axial tensile
load were not increased in order to follow
a conservative design approach.

The calculated S-N curves are present-
ed in the following sections 4.2 and 4.3 for
the butt welds and transverse attachments
respectively. Downwards arrows in the di-
agrams indicate failures due to crack initi-
ation in the parent material. The estimat-
ed S-N curves are compared to the FAT
curves proposed by IIW-HFMI [6], EC3
[11] and DNV GL [12].

4.2 HFMI-treated butt welds

The results of the test series on butt
welds and the respective characteristic
fatigue strengths are presented in Fig. 4
and Table 4 respectively. HFMI treatment
leads to a significant increase in fatigue
strength (95% survival probability). Fa-
tigue strength values from 182 MPa up to
237 MPa were achieved even under the
influence of the investigated corrosive en-
vironments. For the series BW_HFMI_SS-
C_b and S_HFMI_ASW_b with specimens
tested under 4-point bending load, the
number of cycles was higher for the same
stress levels in comparison to the axial
tested specimens of the series BW_HFMI _
SSC_ax. The BW_HFMI_SSC_b series also
provides higher characteristic values than
the BW_HFMI_ASW_b series. The calcu-
lated fatigue strength values (mean and
95%-interval for survival) confirm this
tendency. Due to the HFMI treatment, the
failure of the BW_HFMI_SSC_b and BW_
HEMI_ASW_b series, which are subjected
to bending stress, is shifted from the weld
toe to the corroded parent material for all
specimens. The scatter of the test results
is low for the failure in the base material,
despite the influence of bending stress.
For the parent material, artificial seawater
seems to have a more severe influence on
fatigue strength than pre-corrosion by salt
spray. Since the application of dye pene-
trant tests on these specimens showed no
crack formations in the area of the weld
toes, these results are used as the lower
limit for calculating the fatigue strength.

In order to consider the influence of
the loading type on fatigue life, charac-
teristic fatigue strength value determined
by bending is reduced by the correction
factor k according to BS 7608 [19]. The



correction factor is calculated to k, = 1.31 for the inves-
tigated weldment with main plate thickness t = 15 mm.
The modified value Ao . . =163 MPa results from
a calculated reduction by its reciprocal value to 76%
of the fatigue strength under bending. In this case, the
calculated value is below the fatigue strength of the se-
ries BW_HFMI_SSC_ax tested under axial tensile load.
Conservatively, the series BW_HFMI_ASW_b,ax-mod
with the modified fatigue strength of 163 MPa is used
as a basis for the design proposal. Thus, the fatigue
strength of HFMI-treated corroded butt welds is above
the design recommendation of 160 MPa for uncorroded
HEMI-treated butt welds according to IIW [6]. For this
reason, FAT class 160 is also proposed for the corrod-
ed HFMI-treated butt welds. The derived design pro-
posal is thus five FAT classes higher than the FAT 90,
which is applicable for uncorroded, as-welded joints
according to EC3 [11]. A FAT class assignment of eight
classes higher than in the case of as-welded butt welds,
which are exposed to free corrosion and are classified as
FAT 63 according to DNV GL [12], is recommended. It is
becoming evident that even in corrosive environments,
the HFMI treatment can significantly increase the fa-
tigue strength of butt weld joints.

4.3 HFMI-treated non-load-carrying transverse
attachments

The test results of the respective series of transverse
attachments and their estimated fatigue strengths are
presented in Fig. 5 and Table 4 respectively. The HFMI
treatment leads to a significant improvement of the
characteristic fatigue strength (95% survival probabil-
ity) to values from 130 MPa up to 134 MPa for the in-
vestigated cases of laboratory corrosion. Transverse
attachments were mainly fractured in the area of the
weld toe. The results of the series, which were tested
under bending load, TA_HFMI_ASW_b and in particu-
lar TA_HFMI_SSC_b show a significantly larger scatter
compared to the series TA_HFMI_SSC_ax, whose spec-
imens were tested under axial tensile load. Due to this
large scatter and the small sample of the TA_HFMI_SS-
C_b series, no conclusive evaluation of the characteris-
tic fatigue strength is possible (value written in grey and
italics). Despite the positive effect of bending load on
the mean fatigue strength, the transverse attachments of
the test series TA_HFMI_ASW_b subjected to bending
in artificial seawater show lower mean values and lower
95%-interval values than the series TA_HFMI_SSC_ax,
which were dry-tested subsequently to pre-corrosion
in the salt spray chamber. The reduction of the fatigue
strength is decisively influenced by the acceleration of
the crack growth phase due to the simultaneous corro-
sion during the fatigue test [2]. This is particularly evi-
dent with specimens that account for a large number of
cycles during the crack growth phase (testing at a low
stress level).

Due to the larger scatter of the results for the se-
ries tested under bending, the characteristic fatigue
strength is in the range of the series of specimens test-

ed under axial tensile load. This is in agreement with
previous investigations by Maddox [20], which have
shown no significant influence of the loading mode on
the characteristic fatigue strength of as-welded trans-
verse attachments. Therefore, no modification of the
fatigue strength due to the loading type is adopted in
the case of transverse attachments.

The characteristic fatigue strength of the TA_HFMI_
ASW_b series, which have been tested in artificial sea-
water, lies at 130 MPa below the 134 MPa characteristic
fatigue strength of the TA_HFMI_SSC_ax series and is
therefore adopted as the reference S-N curve. The data
points of all series lie above the S-N curve of this FAT
class and above the FAT 140 recommended in [6] for un-
corroded, HFMI-treated transverse attachments. Never-
theless, due to the statistical evaluation of the character-
istic fatigue strength this FAT 140 is not accomplished.

FAT 125 is conservatively recommended based on
the reference FAT class of the test series TA_HFMI_AS-
W_b. This corresponds to a reduction by one FAT class
compared to the IIW recommendations for HFMI due
to the influence of corrosion. As for the butt welds, the
slope of the design curve m is set equal to 5 according to
W [6].

Despite the reduction by one FAT class in compari-
son to the recommendations by IIW [6] for uncorroded
and HFMI-treated transverse attachments, the recom-
mended FAT 125 still lies four FAT classes higher than
the specifications of EC3 [11] with FAT 80 for as-welded
joints. Furthermore, the resulting FAT 125 is significant-
ly higher than FAT 56, which according to DNV GL [12]
has to be adopted for as-welded transverse attachments
under free corrosion. Similar to the butt welds, investi-
gations regarding transverse attachments show that a
considerable improvement in fatigue strength can be
achieved by HFMI treatment.

5 Conclusion and outlook

Fatigue tests on corroded weldments have shown
that the use of high frequency mechanical impact treat-
ment can lead to a significant increase of their fatigue
strength, even when exposed to corrosive environ-
ments, as long as no substantial thickness loss (Ad >
0.1 mm) occurs due to corrosion. This could be validat-
ed for the investigated laboratory corrosion methods
of deposition in the salt spray chamber and in artificial
seawater. Based on the experimental results, recom-
mendations for the design of HFMI-treated butt welds
and transverse attachments were developed consider-
ing the described corrosive environments. The corrod-
ed butt welds are assigned to FAT 160 and the corroded
transverse attachments are classified as FAT 125. The
slope of the S-N curves is assumed as m = 5 for both
cases.

Within the scope of further investigations, the long-
term corrosion behaviour shall be considered taking
into account a larger plate thickness loss. In addition,
further analyses of the influence of notch sharpness and
thickness effects are planned.
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